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Context:Maternal adiposity andovernutrition, bothbefore andduringpregnancy, plays a key role
in the subsequent development of obesity and metabolic outcomes in offspring.
Objective:Weexplored thehypothesis thatmaternal adiposity (pre-pregnancyandat26–28weeks
of gestation) and mid-pregnancy gestational weight gain (GWG) are independently associated
with offspring size and adiposity in early childhood, and determined if these effects are
ethnic-dependent.
Design: In aprospectivemother-offspring cohort study (N976, 56%Chinese, 26%Malay and18%
Indian), we assessed the associations of offspring size (weight, length) and adiposity (subscapular
and triceps skinfolds), measured at birth, 6, 12, 18 and 24 months of age, with maternal pre-
pregnancy BMI (ppBMI), mid-pregnancy GWG and mid-pregnancy four-site skinfold thicknesses
(triceps, biceps, subscapular, suprailiac).
Results:ppBMI andmid-pregnancyGWGwere independently associatedwith postnatalweight up
to two years and skinfold thickness at birth. Weight, subscapular and triceps skinfolds at birth
increased by 2.56% (95% confidence interval, 1.68%–3.45%), 3.85% (2.16%–5.57%) and 2.14%
(0.54%–3.75%) respectively, for every standard deviation (SD) increase in ppBMI. Similarly, a one
SD increase in GWG increased weight, subscapular and triceps skinfolds at birth by 2.44% (1.66%–
3.23%), 3.28% (1.75%–4.84%) and 3.23% (1.65%–4.84%), respectively. ppBMI and mid-preg-
nancy suprailiac skinfold independently predicted postnatal skinfold adiposity up to two years of
age, whilst only GWG predicted postnatal length. The associations of GWGwith postnatal weight
and lengthwere present only amongChinese and Indians, but notMalays (P0.05 for interaction).
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Conclusions: ppBMI and GWG are independent modifiable factors for child size and adiposity up
to two years of age. The associations are ethnic-dependent, and underscore the importance of
ethnic specific studies before generalizing the applicability of risk factors reported in other
populations.
The increasing prevalence of childhood obesity (1, 2)hasbecomeamajorpublic health issue, andemerging
evidence has suggested that exposure to an adverse in
utero environment, in particular maternal obesity and
overnutrition, would play a key role in the subsequent
development of obesity and metabolic disorders in off-
spring (3).Maternalobesity andovernutritionmay impact
offspring adiposity through permanent alterations to glu-
cose, insulin, lipid and amino acid metabolism (4). Ma-
ternal prepregnancy bodymass index (BMI) (ppBMI) and
gestational weight gain (GWG) are important determi-
nants of the intrauterine nutritional environment, and are
modifiable factors for prevention of excessive infant adi-
posity and obesity later in life. Skinfold thickness is also a
measure of nutritional status during pregnancy (5–7). Sev-
eral studies have reported positive associations of these
different facets of adiposity and nutritional status during
pregnancy with offspring adiposity in childhood, adoles-
cence and adulthood (8, 9), although these were predom-
inantly conducted in Caucasian populations. Few studies
havebeen conducted inAsianpopulations. Since theAsian
phenotype and susceptibility towards obesity and meta-
bolic disease differ from that of Caucasians, further study
of the impact of Asian maternal adiposity on offspring
adiposity ismerited (10).Moreover, differentAsian ethnic
groups (such as Chinese,Malay andAsian-Indian) exhibit
differences in susceptibility to obesity and metabolic syn-
drome (11). Chinese, Malays and Asian-Indians in Singa-
pore exhibited significant differences in risk of obesity and
type 2 diabetes mellitus (T2DM); the Malay population
has the highest prevalence of obesity (24.0%) while the
Asian-Indian population has the highest prevalence of
T2DM (17.2%) (12). Therefore we embarked on this
study to explore and ratify the effects of maternal ppBMI
and GWG on offspring size and adiposity in a heteroge-
neous Asian population.
The present study seeks to prospectively characterize
the relationship of ppBMI and midpregnancy GWG with
child size (weight and length) and adiposity in early child-
hood, in a multiethnic mother-offspring Asian birth co-
hort. First, we evaluated whether the effects of midpreg-
nancy GWG on child size and adiposity is independent of
ppBMI and if these associations depended on ppBMI. Sec-
ond,we examined if the effects of these two risk factors are
ethnic-dependent. Finally, we hypothesized that there are
facets of maternal adiposity not captured by ppBMI and
midpregnancy GWG, and therefore studied the impor-




This report is part of the Growing Up in Singapore Towards
Healthy Outcomes (GUSTO) study, a prospective mother-off-
spring birth cohort (13, 14). Pregnant women in their first tri-
mester and of at least 18 years of age were recruited from two
major public hospitals with obstetric services in Singapore,
namely theKKWomen’s andChildren’sHospital (KKH)and the
National University Hospital (NUH). Eligible participants had
to hold Singapore citizenship or permanent residency, intended
to reside in Singapore for the next five years, were of Chinese,
Malay or Indian ethnicity, had homogeneous parental ethnic
background and had the intention of delivering at eitherNUHor
KKH. Women who were on chemotherapy, psychotropic drugs
or had diabetes mellitus were excluded from the study. Inter-
viewer-administeredquestionnaireswereused toassessmaternal
prepregnancy weight, demographics and maternal obstetric and
medical history at enrolment.Written informed consent was ob-
tained. The ethics boards of both KKH and NUH approved this
study.
Maternal anthropometry
Maternal prepregnancy weight was self-reported at enrol-
ment. Maternal anthropometric measurements including
weight, height and skinfolds (triceps, biceps, subscapular and
suprailiac) were recorded during the 26–28 weeks clinic visit.
Weightwas recorded to thenearest 0.1kgusinga calibrated scale
and taken in duplicates. Height was recorded to the nearest 0.1
cmusing a stadiometer and taken induplicates.Maternal triceps,
biceps, subscapular and suprailiac skinfolds were measured us-
ing Holtain skinfold calipers to the nearest 0.2 mm and taken in
triplicates. ppBMI was calculated as self-reported prepregnancy
weight (kg) divided by the squared height (m2). Midpregnancy
GWG was calculated by difference between 26–28 weeks ges-
tation and prepregnancy weights.
Infant characteristics and anthropometry
Infant weight and recumbent length were measured at birth,
6, 12, 18 and 24 months of age. Infant weight was measured to
the nearest gram using a calibrated scale. Recumbent infant
length was measured from the top of the head to the soles of the
feet using an infant mat to the nearest 0.1 cm. For reliability, all
measurementswere taken in duplicates. Triceps and subscapular
skinfoldsweremeasured at birth, 18 and24months. Triceps and
subscapular skinfoldsweremeasured in triplicates usingHoltain
skinfold calipers, on the right side of the body, and recorded to
the nearest 0.2 mm. Child sex and gestational age (GA) were
extracted from medical records.
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Statistical analysis
Linear regression models were used to study the association
of longitudinal offspring anthropometric outcomes (weight,
length, subscapular and triceps skinfolds) withmaternal anthro-
pometricmeasures (ppBMI, GWGand skinfolds). Child anthro-
pometric measures were log-transformed to stabilize variance.
Due to the log transformation, regression coefficients were re-
ported as percentage change in child anthropometric outcome
for one standard deviation (SD) increase in predictor variable.
Due to differing variability of predictor variables, effect esti-
mates were reported for one SD increase in predictor variable so
that effect estimates of different variables were comparable. To
account for repeated measures from the same child, generalized
estimating equations with exchangeable working correlation
structure and sandwich variance estimator were fitted using gee-
pack package inR (15). Allmodels adjusted for temporal effects,
GA, child sex, ethnicity (except for analyses stratified by ethnic-
ity), parity, maternal age, education and height, chosen a priori
from literature evidence. For modeling of temporal effects,
firstly, to allow for nonlinearity, distinct time points (eg, birth, 6,
12, 18and24months)were codedusingbinary variables (eg, five
time points correspond to four binary variables, using birth as
baseline). Secondly, to allow the association of offspring anthro-
pometricmeasures (weight, length, subscapular and triceps skin-
folds) with each variable (GA, child sex, ethnicity, parity, ma-
ternal age, education, height, ppBMI, GWG and maternal
skinfolds) to vary at each distinct time point, interaction terms
between (binary variables) of time and each variable in themodel
were included. We report the associations of maternal adiposity
variables with offspring anthropometric measures at each dis-
tinct time point.
To examine the effects of ppBMI and GWG on offspring
anthropometricmeasures,wemodeled ppBMI andGWG jointly
(ie, themodel includes both ppBMI andGWG), and adjusted for
the aforementioned covariates. For comparison, effect estimates
from modeling ppBMI and GWG separately, adjusted for cova-
riates, are reported in Supplemental Figures 1–2; this analysis
gave similar conclusions. To investigate if the associations of
offspring anthropometric measures with GWG depended on
ppBMI, we included an interaction term between ppBMI and
GWG, and adjusted for ppBMI, GWG and covariates. To in-
vestigate if the associations of offspring anthropometric mea-
sureswith ppBMI andGWGdepended on ethnicity, we included
interaction terms between ethnicity and ppBMI and between
ethnicity and GWG, and adjusted for ppBMI, GWG and cova-
riates (including ethnicity). We also report ethnicity-stratified
results frommodeling ppBMI and GWG jointly (ie, a regression
model is fitted to each of the three ethnic groups separately). We
also examined how maternal body composition (skinfolds) de-
pends on ppBMI and GWG in each ethnic group, adjusting for
parity, maternal age, education and height. To model the effects
of maternal skinfold on offspring outcomes, we tested each ma-
ternal skinfold for association with offspring anthropometric
outcome separately, and adjusted for ppBMI, GWG and
covariates.
Results
ppBMI and GWG independently predicted
offspring weight at birth and up to two years
This analysis used 976 full-term neonates who had
complete information in covariates and maternal anthro-
pometry (Table 1). 550 (56%), 249 (26%) and 177 (18%)
of the mother-offspring pairs were of Chinese, Malay and
Indian ethnicity respectively. Mothers were on average
30-years-old, had average maternal height of 158.2cm,
average ppBMI of 22.7 kg/m2 and average midpregnancy
GWG of 8.7 kg; 62% had  12 years of education and
54% were multiparous. Both ppBMI and midpregnancy
GWG independently predicted birth weight. The associ-
ations survived adjustment for child sex, ethnicity, GA,
parity, maternal height, education and age. The associa-
tions also survived adjustment for the other predictor, ie,
ppBMI predicted offspring’s birth weight when adjusted
for covariates as well as GWG (P .001, Figure 1A, Sup-
plemental Table 1); and GWG predicted offspring’s birth
weight when adjusted for covariates and ppBMI (P 
.001, Figure 1B, SupplementalTable 2). The effect of a one
SD increase in ppBMI (equivalent to 4.5 kg/m2) on birth
weight was comparable to that of a one SD increase in
GWG (equivalent to 4.7 kg). Birth weight increased by
2.56% (CI: 1.68%, 3.45%) for every SD increase in
ppBMI. A one SD increase inGWG increased birthweight
by 2.44% (CI: 1.66%, 3.23%). ppBMI and GWG con-
tinued to independently predict offspring weight up to 24
months. For both predictors, the effect sizes decreased at
6 months (and ppBMI became nonsignificant) and then
increased until 24 months (Figures 1A-B, Supplemental
Tables 1–2).
GWG predicted offspring length at birth and up to
two years, but not ppBMI
GWG predicted birth length, after adjustment for co-
variates and ppBMI (P  .001, Figure 1D, Supplemental
Table2).GWGalsopredictedoffspring lengthat 6, 18and
24months.At24months, child length increasedby0.41%
(CI: 0.15%, 0.68%, P .002, Supplemental Table 2) for
every SD increase in GWG. In contrast, ppBMI did not
predict offspring length at any time point after adjustment
for covariates and GWG (Figure 1C, Supplemental Table
1).
ppBMI predicted offspring adiposity (skinfolds) at
two years of age, but not GWG
ppBMI predicted offspring adiposity at birth as mea-
sured by subscapular and triceps skinfold thickness, after
adjustment for covariates andGWG(Figures 2A, 2C, Sup-
plemental Table 1); as did GWG, after adjustment for
covariates and ppBMI (Figures 2B, 2D, Supplemental Ta-
ble 2). However, only ppBMI independently predicted in-
fant subscapular and triceps skinfold thickness at 18
and/or 24months of age. At 24months, a one SD increase
in ppBMIwas associatedwith 3.28% (CI: 1.43%, 5.17%,
P  .001) and 2.46% (CI: 0.61%, 4.36%, P  .009) in-
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creases in subscapular and triceps skinfold thickness, re-
spectively.Theobserved effect sizesofppBMIonoffspring
triceps skinfolds were smaller compared to offspring sub-
scapular skinfolds. This may be due to greater measure-
ment error for triceps skinfold measurements, which are
harder to measure.
Associations of GWG with offspring
anthropometry did not depend on ppBMI
To examine if the association of GWG with offspring
anthropometric outcomes depended on ppBMI, we tested
for an interaction between ppBMI and GWG. The asso-
ciations of GWG with all four offspring outcomes from
birth till two years did not depend on ppBMI (P .20 to
0.97 for interaction, Supplemental Table 3).
Effects of GWG on offspring weight and length
were ethnic-dependent, but not ppBMI
The effects of GWG on child weight and length in the
Malay ethnic group were different when compared to the
Chinese and Indians (P  .001 to 0.058 for interaction,
Supplemental Tables 4–5). The effects for theChinese and
Indians were similar (P .34 to 0.99 for interaction, Sup-
plemental Tables 4–5). GWGwas consistently associated
with child weight (Figure 3A-B, Supplemental Table 8)
and length (Figure 3D-E, Supplemental Table 9) from
birth and up to two years of age in the Chinese and Indian
ethnic groups. In contrast, for the Malay children, GWG
was only associated with neonatal weight but not subse-
quent infant weight (Figure 3C, Supplemental Table 8),
andGWGwas not associatedwith child length at any time
point (Figure 3F, Supplemental Table 9). The associations
of ppBMI (P .005 for interaction for triceps, biceps and
subscapular) and GWG (P .055 for suprailiac and P
.085 for triceps) with maternal skinfolds at 26–28 weeks
gestation were different forMalay women (Figure 4, Sup-
plemental Table 10). Malay women with higher ppBMI
and GWG do not tend to gain more peripheral fat (re-
flected by triceps skinfold), as compared to Chinese and
Indian women (Figure 4A, 4E, Supplemental Table 10).
The effects of ppBMI on child weight and length were not
ethnic-dependent (P  .18 to 0.95 for interaction, Sup-
plemental Tables 4–5). The effects of both ppBMI and
GWG on child adiposity (skinfolds) were not ethnic-de-
pendent (P .11 to1 for interaction, SupplementalTables
Table 1. Characteristics of the mother-offspring GUSTO cohort investigated in the analysis, stratified by ethnicity
All Ethnicities (n  976) Chinese (n  550) Indian (n  177) Malay (n  249)






Sex Male Delivery 510 (52%) 283 (51%) 92 (52%) 135 (54%)
Female 466 (48%) 267 (49%) 85 (48%) 114 (46%)
Parity / Birth Order 1 448 (46%) 276 (50%) 69 (39%) 103 (41%)
2 335 (34%) 185 (34%) 88 (50%) 62 (25%)
2 193 (20%) 89 (16%) 20 (11%) 84 (34%)
Gestational age (weeks) Delivery 976 38.9 (1.0) 550 39.0 (1.0) 177 38.9 (1.0) 249 38.7 (1.0)
Weight (g) Delivery 944 3123 (390) 533 3142 (386) 168 3039 (376) 243 3139 (404)
6 months 835 7720 (915) 488 7796 (914) 148 7589 (877) 199 7632 (931)
12 months 818 9387 (1078) 471 9384 (1021) 150 9567 (1191) 197 9256 (1107)
18 months 780 10 752 (1300) 448 10 692 (1220) 139 11 142 (1477) 193 10 610 (1299)
24 months 789 11 979 (1557) 452 11 925 (1494) 140 12 247 (1694) 197 11 913 (1585)
Length (cm) Delivery 944 49 (2) 533 49 (2) 168 49 (2) 243 48 (2)
6 months 839 489 67 (3) 149 67 (2) 201 66 (3)
12 months 820 75 (3) 471 76 (3) 76 (3) 198 74 (3)
18 months 674 82 (3) 391 82 (3) 109 83 (3) 174
24 months 693 88 (4) 391 88 (4) 122 89 (4) 180 86 (3)
Subscapular skinfold (mm) Delivery 945 5.0 (1.2) 535 5.0 (1.2) 168 4.8 (1.1) 242 5.0 (1.2)
18 months 657 6.4 (1.4) 373 6.4 (1.2) 113 6.4 (1.7) 171 6.2 (1.4)
24 months 729 6.4 (1.6) 415 6.4 (1.3) 133 6.3 (1.7) 181 6.5 (2.0)
Triceps skinfold (mm) Delivery 946 5.4 (1.2) 535 5.5 (1.2) 168 5.3 (1.2) 243 5.5 (1.3)
18 months 696 8.6 (1.7) 395 8.5 (1.6) 124 8.8 (2.1) 177 8.8 (1.9)
24 months 706 8.8 (1.9) 402 8.8 (1.8) 127 8.8 (2.0) 177 9.0 (2.1)
Maternal Characteristics
Age (years) 30.8 (5.1) 31.9 (4.7) 29.9 (4.7) 29.0 (5.5)
Education  12 yr 609 (62%) 403 (73%) 127 (72%) 79 (32%)
12 yr 367 (38%) 147 (27%) 50 (28%) 170 (68%)
Pre--pregnancy BMI (kg/m2) 22.7 (4.5) 21.5 (3.3) 24.2 (4.6) 24.4 (5.6)
Height (cm) 26–28 weeks gestation 158.2 (5.6) 158.9 (5.5) 157.6 (5.4) 156.9 (5.5)
Gestational weight gain (kg) 8.7 (4.7) 8.6 (3.8) 7.9 (4.7) 9.3 (6.1)
Triceps skinfold (mm) 22.4 (5.9) 21.3 (5.5) 23.5 (6.2) 23.8 (6.2)
Biceps skinfold (mm) 11.9 (5.3) 10.9 (4.7) 13.0 (5.4) 13.4 (5.8)
Subscapular skinfold (mm) 21.9 (6.3) 21.0 (5.8) 22.7 (6.5) 23.3 (6.8)
Suprailiac skinfold (mm) 23.7 (5.6) 23.4 (5.4) 24.1 (5.6) 24.3 (6.0)
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6–7). Additionally, we did not find consistent evidence of
sex-specific effects (Supplemental Tables 11–14). Sensi-
tivity analysis, adjusted additionally for gestational dia-
betes, occupational activity, alcohol, smoking, vitamin
B6, B12, D and folate levels during pregnancy (Supple-
mental Tables 15–18), gave similar results as those in Fig-
ures 1–3 and Supplemental Tables 1–2, 8–9.
Maternal suprailiac skinfold independently
predicted offspring adiposity (skinfolds) at 24
months
After adjusting for ppBMI, GWGand other covariates,
midpregnancy maternal suprailiac skinfold thickness, but
not triceps, biceps or subscapular skinfolds, predicted
child subscapular skinfold (P .007) and triceps skinfold
(P  .014) at 24 months (Figures 5C-D, Supplemental
Tables 24, 26). Offspring subscapu-
lar and triceps skinfolds at 24
months increased by 2.51% (CI:
0.68%, 4.36%) and 2.26% (CI:
0.44%, 4.10%) respectively, for ev-
ery SD increase in maternal su-
prailiac skinfold thickness (Figure
5C-D, Supplemental Tables 24, 26).
Maternal suprailiac skinfold was as-
sociated with offspring measures
more consistently after adjustment
for ppBMIandGWG, thanmidpreg-
nancy triceps, biceps or subscapular
skinfolds. All four maternal skin-
folds (triceps, biceps, subscapular
and suprailiac) were generally asso-
ciated with offspring weight, sub-
scapular and triceps skinfolds at
birth and24months,without adjust-
ing for ppBMI and GWG (Supple-
mental Figures 3–6, Supplemental
Tables 19, 23, 25). However, mater-
nal suprailiac skinfold is theonlyma-
ternal skinfold predictive at 24
months after the adjustment (Sup-
plemental Figures 3–6, Supplemen-
tal Tables 20, 24, 26). Associations
of maternal suprailiac skinfold
thickness with offspring measures
(after adjustment for ppBMI and
GWG) were not ethnic-dependent
(data not shown).
Discussion
In this study, we characterized the
joint effects of maternal prepregnancy adiposity and mid-
pregnancyGWGonoffspring size (weight and length) and
adiposity in the first twoyears of life in amultiethnicAsian
cohort.Wedemonstrated thatmaternal adipositynotonly
affected neonatal size, but also subsequent infant size in
the first two years of life. ppBMI and GWG also captured
different facets of maternal adiposity temporally, and
were independently associated with offspring anthropo-
metric and adipositymeasures. ppBMIwas observed to be
associated with offspring’s subcutaneous adiposity (mea-
sured by subscapular and triceps skinfold thickness) at
two years regardless of GWG during pregnancy. GWG
was associatedwith child length at two years regardless of
ppBMI, for Chinese and Indians. ppBMI represents the
mother’s nutrition status prior to conception, and also the
Figure 1. A-1D: Associations of maternal prepregnancy BMI and gestational
weight gain with child weight (A, B) and length (C, D) from birth to 24 months.
Point estimates and 95% confidence intervals for associations of log-transformed child
anthropometric outcome (child weight, length) with maternal prepregnancy BMI and gestational
weight gain. Regression coefficients and confidence intervals are reported as percentage change
in child anthropometric outcome for one standard deviation increase in maternal prepregnancy
BMI or gestational weight gain. Each of the two rows gives results from two different linear
regression models where both maternal prepregnancy BMI and gestational weight gain were
included as predictors. Both models adjusted for temporal effects, child sex, ethnicity, gestational
age, parity, maternal height, education and age. Time was coded using a binary variable for each
distinct time point and interaction terms of time with each variable in the model were included.
Results are also reported in Supplemental Tables 1 and 2.
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heritability of adiposity (“nature”), which may influence
thatofheroffspring.GWGrepresentsmaternalpregnancy
nutritional status, which constitutes the in utero environ-
ment (“nurturing”). The genetic basis of GWG is debat-
able, with contrasting reports of whether such genetic in-
fluences exist (16, 17). Our report has provided evidence
that maternal preconception nutrition, and possibly ge-
netic influences, as well as maternal nutrition during ges-
tation and in utero fetal nutrition, have independent ef-
fects on size at birth and up to two years of age.
Wealso showed thatmidpregnancy suprailiac skinfold,
but not triceps, biceps, or subscapular skinfolds, was in-
dependently predictive of offspring subcutaneous adipos-
ity at two years of age, after adjusting for ppBMI and
GWG, and we postulate that truncal subcutaneous fat
may bemore heritable than the other
fat layers in the body, or reflect more
accurately the degree of overnutri-
tion in pregnant mothers, compared
to subcutaneous fat at the other skin-
fold sites. This association achieved
statistical significance only at two
years of age but not earlier time
points, and deserves further valida-
tion in larger cohorts.
Studies have documented positive
relationships between ppBMI and
GWGonoffspring size andadiposity
conducted primarily among Cauca-
sian subjects (18–20). There are
studies however, that reported null
effects of ppBMI and GWG on off-
spring size and adiposity (21, 22).
Our findings on ppBMI are consis-
tent with the positive associations
with offspring size and adiposity in
these reports. While we observed an
association of midpregnancy GWG
with adiposity measured by skin-
folds at birth, the association ofmid-
pregnancy GWG with adiposity at
two yearswas suggestive but not sta-
tistically significant. It is also debat-
able if the observed bigger offspring
size with greater GWG is due to in-
creased fetal growth, in utero devel-
opmental plasticity, genetic ten-
dency to gain weight inherited from
the mothers, or continued exposure
postntatally to the same environ-
ment and eating habits of the moth-
ers, or interaction of two or more of
these factors (23). A study by Bra-
num A et al reported no associations between GWG and
offspringBMIat four years using2758 family groups from
the Collaborative Perinatal Project (24). The study was
conducted within families in order to account for shared
factors, such as genetics or family diet/activity patterns,
hence suggesting that the positive relation between GWG
and child BMI in previous studies may be explained by
shared familial characteristics.
The absence of an interaction between ppBMI and
GWG on offspring size and adiposity suggests there may
not be a need to stratify GWG risk on offspring size and
adiposity bydifferent ppBMI categories.While some stud-
ies have reported evidence of statistical interaction be-
tween ppBMI and GWG in their effects on offspring size
Figure 2. A-2D: Associations of maternal prepregnancy BMI and gestational
weight gain with child subscapular (A, B) and triceps (C, D) skinfolds from birth
to 24 months. Point estimates and 95% confidence intervals for associations of log-
transformed child anthropometric outcome (child subscapular and triceps skinfolds) with
maternal prepregnancy BMI and gestational weight gain. Regression coefficients and confidence
intervals are reported as percentage change in child anthropometric outcome for one standard
deviation increase in maternal prepregnancy BMI or gestational weight gain. Each of the two
rows gives results from two different linear regression models where both maternal
prepregnancy BMI and gestational weight gain were included as predictors. Both models
adjusted for temporal effects, child sex, ethnicity, gestational age, parity, maternal height,
education and age. Time was coded using a binary variable for each distinct time point and
interaction terms of time with each variable in the model were included. Results are also reported
in Supplemental Tables 1 and 2.
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and adiposity (25), other studies did not find evidence for
interaction (26, 27). In our study however, we have con-
sidered the role of maternal adiposity (before and during
pregnancy) only on offspring size and adiposity. The
health implications of maternal obesity are much more
extensive, as other studies have documented associations
of excessive ppBMI and GWGwith increased risks of ad-
verse pregnancy outcomes such as gestational diabetes
(28, 29), hypertension and preeclampsia (30), caesarian
delivery (31, 32), stillbirths (33) andmaternal postpartum
weight retention (34). Thus, it is possible that the GWG
risk on other adverse pregnancy outcomesmay depend on
ppBMI.Additionally, it is possible thatwedidnothave the
statistical power to detect this interaction.
Interestingly in our cohort, the effects of GWG on off-
spring weight and length were dependent on ethnicity.
GWG did not significantly predict weight or length after
birth amongMalay children. In contrast, GWG predicted
offspringweight and length up to twoyears of age for both
Chinese and Indians. The absence of an association be-
tween GWG and offspring weight and length in Malay
children was unlikely to be caused by a lack of statistical
power, as the Indian ethnic group had a smaller sample
size compared to the Malay ethnic group but yet demon-
strated the association. While we found that Malay
womenhad significantly different body fat composition as
pregnancy progressed, where Malay pregnant women
with higher ppBMI and GWG appeared to put on less
“peripheral fat” thanChineseand Indianwomen,whether
this variation in maternal composition during pregnancy
leads to the differing associations of GWGwith offspring
weight and length for the Malay ethnic group is unclear
but deserves further exploration. We did not have mater-
nal skinfolds measured before pregnancy to fully explore
this hypothesis, but the ethnic-dependent associations of
ppBMI and GWG on maternal skinfolds at 26–28 weeks
Figure 3. A-3F: Ethnicity-stratified associations of gestational weight gain with child weight (A, B, C) and length (D, E, F)
from birth to 24 months. Gestational weight gain was associated with child weight and length after birth only among Chinese and Indian
children. Point estimates and 95% confidence intervals for each ethnic group, for associations of log-transformed child anthropometric outcome
(child weight, length) with gestational weight gain. Regression coefficients and confidence intervals are reported as percentage change in child
anthropometric outcome for one standard deviation increase in gestational weight gain. Each of the six panels gives results from six different linear
regression models, for each of the three ethnic groups and two child outcomes, and gestational weight gain as predictor variable. All models
adjusted for temporal effects, child sex, gestational age, parity, maternal height, education, age and prepregnancy BMI. Time was coded using a
binary variable for each distinct time point and interaction terms of time with each variable in the model were included. Results are also reported
in Supplemental Tables 8 and 9. Results without stratifying by ethnicity are given in Figures 1B and 1D.
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is consistent with this hypothesis. The ethnic-dependent
associations of GWG with offspring weight and length
underscores the importance of studying GWG in different
ethnic groups in order to assess applicability of associa-
tions reported in other populations.
Our study has several strengths, which includes its pro-
spective study designwith a relatively high follow-up rate.
Additionally, the longitudinal measures allow us to study
not only neonatal but also subsequent infant size and ad-
iposity in the first two years of life. Another strength is the
inclusion of three major Asian ethnic groups in our study.
These three ethnic groups make up more than forty per-
cent of the world’s population (35). This study, however,
is not without limitations. First, we have only considered
midpregnancy GWG, which was calculated using only
weight gain up to 26–28 weeks gestation. If GWG in-
creased linearly with time throughout pregnancy for each
individual, then midpregnancy GWGwould be (strongly)
correlated with total GWG for the pregnancy, and mid-
pregnancy GWG can be a good surrogate for total GWG.
It is possible that we have not captured the totality of the
effects of GWG.However, recent data have demonstrated
that high rates of GWG in early and midpregnancy have
stronger effects on offspring body weight and metabolic
outcomes compared to GWG during late pregnancy (36–
38), suggesting that much of the effects of GWG on off-
spring size and adiposity would be reflected during early-
and midpregnancy, but not during late pregnancy. Thus,
looking at midpregnancy GWG can be a good surrogate
for observing the total effects of GWG on child size and
adiposity. Second, we have included only women with
termdeliveriesof at least37weeks.GAhasoftenbeenused
as a surrogate for the quality of the in utero environment
and maternal adiposity can affect GA. Thus, the effects of
maternal adiposity on child size and adiposity might be
more pronounced than reported here. Third, our findings
were based on an Asian cohort, which might not be ap-
plicable or generalizable to other populations. Fourth,
self-reported prepregnancy weight was used to calculate
ppBMI and GWG. However, our self-reported prepreg-
nancy weight and weight measured during first trimester
were highly correlated (r 0.97, calculated using 85% of
individuals), thusmajor conclusionswere unlikely to have
been affected by bias in self-reported weight. Lastly, con-
Figure 4. A-4H: Ethnicity-stratified associations of prepregnancy BMI (A-D) and gestational weight gain (E-H) with
maternal skinfolds. Point estimates and 95% confidence intervals for each ethnic group, for associations of maternal skinfolds (triceps, biceps,
subscapular and suprailiac), with prepregnancy BMI and gestational weight gain. Regression coefficients and confidence intervals are reported as
change in maternal skinfold (mm) for one standard deviation increase in prepregnancy BMI or gestational weight gain. Each column gives results
from three different linear regression models, for each of the three ethnic groups, where both maternal prepregnancy BMI and gestational weight
gain are included as predictors. All models adjusted for parity, maternal height, education and age.
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founding is a concern in any observational study. Tomin-
imize the impact of residual confounding on our findings,
we have adjusted for an extensive list of covariates that
were chosen a priori based on literature evidence.
In summary, ppBMI and GWG are modifiable inde-
pendent factors for child size and adiposity in early child-
hood. The associations are ethnic-dependent, underscor-
ing the importance of examining these risk factors in
specific ethnic groups. Our findings also emphasize the
importance for mothers to optimize both her weight be-
fore and during pregnancy to achieve optimal size and
adiposity outcomes in the first twoyears of their children’s
life.
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